Using 45 Ca, indol, and quin2, calcium uptake was measured in isolated quiescent adult rat heart cells under different metabolic conditions. Exposure of cells in a medium containing 1 mM CaCl 2 to rotenone and uncoupler resulted in adenosine triphosphate (ATP) depletion from 17.08 ± 2.26 to 0.63 ±0.11 nmol/mg within 8 minutes, and the cells went into contracture. In this time, the cells lost 1.65 ± 0.1 nmol Ca/mg of total rapidly exchangeable cellular calcium, and the level of free cytosolic calcium as measured by indol rose from 47.4 ± 16.3 nM to 79.8 ± 27.6 nM. The subsequent rate of rise of intracellular free calcium concentration was just 4 nM/min for at least 40 minutes. Therefore, we investigated the effect of ATP depletion on the rate of calcium entry. In cells loaded with sodium by ouabain treatment without calcium, the initial rate of calcium influx on calcium addition was inhibited by 82-84% when cellular ATP was depleted, as measured by 45 Ca or indol. Quin2 also showed a strong inhibition of calcium influx by ATP depletion, but itself also caused a strong inhibition of calcium influx. The rate of calcium influx declined even further in ATP-depleted cells after the initial influx: Between 1 and 12 minutes after calcium addition, the residual 4S Ca uptake rate of the first minute was inhibited by an additional 90%. We conclude that ATP depletion per se does not quickly elevate cytoplasmic free calcium and that such an elevation is prevented by a very strong inhibition of the rate of calcium entry. (Circulation Research on reperfusion could promote calcium overload by a reactivated Na-Ca exchange.
C ellular calcium overload is thought to be a contributing and perhaps decisive factor in heart cell necrosis under a variety of pathologic conditions including hypoxia, ischemia, catecholamine-induced damage, and cardiomyopathy. 1 " 3 Therefore, it is desirable to understand how calcium fluxes across the sarcolemma are controlled, and especially how changes in cellular high-energy phosphates affect these fluxes since in many of the above pathologic conditions cellular high-energy phosphates are depleted.
Data on this question at present appear to conflict. 4 Rapid and massive increases in intracellular free calcium, measured with intracellular electrodes, have been observed in cardiac tissue on application of mitochondrial uncouplers. 5 In isolated adult rat heart cells loaded with aequorin by hypoosmotic shock, Snowdowne et al 6 observed a rapid rise in intracellular free calcium within seconds of the imposition of hypoxia. Using suspensions of neonatal heart cells loaded with quin2, Murphy et al 7 observed an apparent tenfold rise in intracellular free calcium after 30 minutes of incubation with the uncoupler 1799 plus iodoacetate. On the basis of measurements of 45 Ca uptake by neonatal heart cells depleted of adenosine triphosphate (ATP) by cyanide plus 2-deoxyglucose, Hasin et al 8 
concluded that
ATP depletion had no effect on the initial rate of cellular calcium uptake.
These results suggest that intracellular calcium levels could rise on ATP depletion, perhaps as a result of an inhibition of energy-dependent calcium efflux or sequestration. On the other hand, rabbit ventricular tissue exposed to hypoxia showed an inhibited rate of 47 Ca influx at the time when hypoxic contracture was induced. 9 With aequorin, little or no increase in the level of intracellular free calcium has been found in whole tissue 10 and single cells" when contracture was induced by anoxia or metabolic inhibitors. Anoxic contracture is paralleled by an ATP loss in whole tissue 12 and in isolated adult heart cells' 3 consistent with contracture being caused by a calcium-independent process that is activated by extremely low levels (<100 (xM) of ATP. Thus, these results suggest that very low levels of calcium can be maintained in the face of a severe ATP depletion. The results with aequorin appear to contradict those found with calcium electrodes and quin2. 4 A further problem is that in none of the above studies was ATP level measured at times relevant to the calcium flux measurements.
We have used 45 Ca, indol, and quin2 to measure calcium fluxes and levels in suspensions of isolated adult rat heart cells depleted of ATP by various means. While our results are consistent with previous observations with 45 Ca 8 and quin2 7 on neonatal cells, we show that the level of free calcium rises very little in cells in contracture, where ATP levels are depleted by 96%. This essentially supports the observations with aequorin. 10 " The lack of increase in free calcium level on ATP depletion can be attributed, at least in part, to a very strong inhibition of the rate of calcium influx.
Materials and Methods

Cell Isolation
Suspensions of quiescent calcium-tolerant adult heart cells were isolated from female retired breeder rats as previously described. 14 
Experimental Medium
Cells were suspended (2.4 mg protein/ml) in a medium containing (in mM): NaCl 118, KC1 4.8, N-2-hydroxyethylpiperazine-N' -ethanesulfonic acid (HEPES) 25, KH 2 PO 4 1.2, MgSO 4 1.2, CaCl 2 1, (unless otherwise stated), sodium pyruvate 5, glucose 11, sucrose 2, and 1 /iM insulin and adjusted to pH 7.4 with NaOH. Suspensions were maintained aerobic by equilibration with air in a shaking incubator at 37° C.
Measurement of Cell 45 Ca Content
Tritiated water (1 /tCi/ml) was added to cells in suspension 30 minutes before 45 Ca (0.1 /xCi/ml) with or without 1 mM unlabelled calcium (see figure legends). Aliquots (0.5 ml) of cell suspension were removed at the times shown and centrifuged through 0.5 ml bromododecane into 0.1 ml 16% perchloric acid, as previously described. 15 By using 3 H 2 O as a marker for cell pellet volume, we were able to correct for small random variations in pellet size and calculate 45 Ca uptake very accurately. (See Haworth et al 15 for the use of this procedure to measure 14 C methylglucose uptake.)
Measurement of Cell Calcium with indol and Quin2
Cells in experimental medium without calcium (1.7 mg/ml) were incubated with 30 /iM quin2-AM (the [acetoxymethyl] ester of quin2) or 2 /iM indol -AM for 30 minutes at 37°C. These labelling conditions resulted in cellular uptakes of 3.4 ± 0.3 nmol quin2/mg and 0.24 ±0.09 nmol indol/mg. Cells were washed twice, then treated as shown in the figures. Ouabain-treated cells without calcium were kept on ice to retard loss of accumulated dye and then rewarmed to 37° C immediately prior to use. Normal cells, with 1 mM Ca, were kept at 37°C until used. Prior to use, cells were washed once more by allowing them to settle in the cuvette for 17 minutes, removing 2.8 ml supernatant, and resuspending to 3 ml with fresh buffer. 16 This minimized the magnitude of the fast component of fluorescence increase on calcium addition, by removal of most of the extracellular dye.
Dye fluorescence was measured on stirred diluted suspensions at 37°C (0.6 mg/ml) using an SLM 8000 fluorescence spectrophotometer (SLM Instruments, Urbana, 111.) (courtesy Dr. Henry Lardy). Settings were 310 nm (excitation X) and 400 nm (emission X) for indol, and 339 nm (excitation X) and 500 nm (emission X) forquin2, with a slit width of 4 nm. Intracellular calcium concentrations ([Ca],) were calculated by the method of Rink and Pozzan, 17 which takes into account extracellular dye by quenching its fluorescence by manganese addition. For indol, we added 0.5 mM MnCl 2 , and for quin2 we added 0.1 mM MnCl 2 since quin2 has a higher affinity for manganese than does indol. 18 With free indol, manganese addition caused the same quenching of fluorescence as [ethylene-bis(oxyethlenenitrilol)] tetraacetic acid (EGTA) addition: 93% of the calcium-saturated signal. With free quin2, EGTA quenching was only fivesixths that of manganese addition, as found by Rink and Pozzan. 17 A subsequent addition of 1 mM (for indol) or 0.2 mM (for quin2) diethylenetriaminepentacetic acid (DTPA) plus 0.5 mM (for indol) or 0.1 mM (for quin2) CaCl 2 then restored the calcium-dependent fluorescence of extracellular dye by chelation of the manganese. The purpose of the added calcium was to ensure that the free calcium level was sufficiently high to saturate the free dye under all conditions. (The adequacy of this Mn-DTPA cycle to quench and restore the calcium-dependent fluorescence of free dye was checked for both dyes in the absence of cells.) Digitonin addition (50 fj.g/m\) then released cytosolic dye, and EGTA addition (5 mM, adjusted with NaOH giving a final suspension pH of 8.5) gave the size of the total calcium-sensitive signal. Cell dye content was calculated from the calcium-sensitive fluorescence of a known added amount of quin2 or indol. Under all conditions where [CaJi was calculated, the fluorescence values used were the measured values minus the autofluorescence values, the latter determined on cells without dye under identical conditions. [Ca]j was then calculated from the formula: [Ca^ = K m (F-F m i n )/ (F max -F) where K m = 115 nM for quin2 and 250 nM for indol. These values and this expression were used on the assumption that in the cytosol all the dye ester taken up was hydrolyzed to the free acid. The F values are fluorescence corrected for extracellular dye as follows:
F max = digitonin value -(pre-Mn value -Mn value) F rain = EGTA value -a (pre-Mn value -Mn value) F = Mn value where a is Vi for quin2 17 and 0 for indol.
ATP Analysis
Aliquots of cell suspension were added to an equal volume of cold 16% perchloric acid and ATP content determined by high-performance liquid chromatography (HPLC) as previously described. 13 
Cell Sodium Content
Cellular sodium content was measured using 22 Na as previously described. 19 In brief, the cellular sodium content was calculated from the percent permeation of cells by medium 22 Na, as measured by centrifugation of the cells through bromododecane to separate cells from the medium. The percent permeation was corrected for dead (trypan-blue-permeable) cells by measuring the percent permeation on addition of 22 Na to cells at 0°C. ' 9 The values are converted to intracellular sodium concentrations ([Na];) by the formula:
[Na] s = (% permeation -% permeation at 0°) x m e d i u m (100 -% permeation at 0°)
Cell Potassium Content
Cells were centrifuged through bromododecane into 100 ju,l perchloric acid. An aliquot of the perchloric acid was diluted with deionized water and potassium content measured by atomic absorption spectrophotometry.
Data Presentation
Data values are mean ± SD of at least 3 different experiments.
Results
The effect of ATP depletion on the total amount of rapidly exchangeable cellular calcium was investigated using 45 Ca. When 45 Ca was added to cells incubated in suspension containing 1 mM CaCl 2 , a rapid labelling of the cells was observed, which then quickly leveled off ( Figure 1 ). ATP depletion of cells was achieved by incubation with rotenone plus p-trifluoromethoxyphenylhydrazone (FCCP). Rotenone inhibits mitochondrial nicotinamide adenine dinucleotide-linked respiration, while FCCP uncouples oxidative phosphorylation and induces a massive mitochondrial ATPase activity. 20 Pretreatment of cells for 8 minutes with rotenone (4 fxM, a maximally effective level) plus FCCP (2 /AM) caused cells to undergo contracture and ATP levels to drop from 17.08 ± 2.26 to 0.63 ± 0.11 Half of the cells were treated with rotenone (4 IJLM) plus FCCP (2 fiM) for 8 minutes before addition of 45 Ca, and then 33 minutes later A23187 (1.5 /xg/ml) was added. Aliquots (0.5 ml) were removed 30 seconds before 45 Ca addition for ATP analysis. Cell 45 Ca content was measured in 0.5 ml aliquots removed at times shown. Rotenone (4 fiM) plus FCCP (2 /JLM) was also added to normal cells 14 minutes after 45 Ca.
nmol/mg. The rapid ATP loss was due to the severity of the metabolic inhibition and was not an indication of poor cell quality. The stability of these cells is well established: They have a very low rate of ATP consumption, with an uncoupler respiratory control index of 13.6. 21 45 Ca exchange by ATP-depleted cells showed a similar rapid phase and leveling off, but the end point (12-15 min) was less than in normal cells by 1.65 ± 0.10 nmol/mg ( Figure 1 ). The addition of rotenone plus FCCP to cells that had taken up 45 Ca caused no further calcium uptake but rather a loss to the level of uptake of cells given 45 Ca after ATP depletion (Figure 1) . The net rate of 45 Ca influx was then close to zero, at a time when the ATP was almost completely depleted ( Figure 1 ). Subsequent addition of the calcium ionophore A23187 then caused a substantial 45 Ca uptake ( Figure 1 ). This shows that ATP depletion resulted in a net loss of total, rapidly exchangeable cellular calcium, while a substantial inwardly directed calcium gradient apparently remained. The location of the calcium released by ATP depletion is not clear at this point (see "Discussion"). A similar uptake and release pattern was observed if cells were incubated without CaCl 2 and then 1 mM CaCl 2 plus 45 Ca was added.
The effect of ATP depletion on intracellular free calcium levels was investigated using the calcium-sensitive fluorescent indicator indol .' 8 Indol-loaded cells in the presence of 1 mM Ca for 30 minutes showed a low, stable level of intracellular free calcium of 47.4 ± 16.3 nM (Figures 2A and 2B ). When rotenone plus FCCP was added, the level of fluorescence, after an initial sharp drop, slowly increased ( Figure 2A ). After 10 minutes, when ATP was depleted and all the cells had undergone contracture, the level of intracellular free calcium was still less than 100 nM ( Figures  2A and 2B ). If cells were incubated with the rotenone plus FCCP for longer periods before the fluorescence measurement, an approximately linear rate of rise of [Ca] ( of 4 nM/min was observed ( Figure 2B ). A possible complication of these results with indol, however, is that some of the dye may be accumulated into cellular compartments other than the cytosol. Some indication of this is given by the hump in the indol fluorescence after EGTA addition: Not all the calciumsensitive fluorescence is immediately quenched (Figure 2A ). If ionomycin is added after digitonin, this hump on EGTA addition is removed (data not shown). This suggests that cells with the sarcolemma disrupted by digitonin still contain indol that is membrane bound. The mitochondria are suspect since they were not disrupted by digitonin and constitute a quantitatively large compartment. The effect of this on the calculated [Ca]; values is likely to cause them to be overestimated since it is unlikely that the free calcium concentration inside intracellular organelles is less than that in the cytosol. 22 The maximum error would occur if this hump represents indol in a compartment where it is saturated with calcium. In this case, the time zero [Ca], in Figure 2B the measured rate of rise of [Ca]; from 4 nM/min to 3 nM/min. Since the rate of rise of calcium concentration in ATP-depleted cells was so slow, we investigated the extent to which ATP depletion caused an inhibition of the rate of calcium influx. Since ATP depletion causes a rise in intracellular sodium through an inhibition of active efflux, we compared rates of influx of calcium in cells loaded with sodium by incubation with ouabain, with or without ATP depletion, using 45 Ca.
When cells were first loaded with sodium by incubation with 1 mM ouabain for 30 minutes, a massive calcium uptake occurred on addition of 1 mM Ca (Figure 3A ; note scale change). Pretreatment with rotenone plus FCCP resulted in an inhibited uptake curve like that in Figure 1 (Figure 3A ). If cells were suspended in a medium where all but 10 mM of the sodium was replaced by potassium and then treated with ouabain, the massive uptake on calcium addition did not occur ( Figure 3B ). This suggests that the massive uptake is sodium dependent, most likely through Na-Ca exchange since ouabain treatment of cells does result in sodium loading. 23 The distribution of the calcium taken up among the various compartments of the sodium-loaded cells is not known, but much of it is likely to be mitochondrial. Since rotenone plus FCCP will inhibit mitochondrial calcium uptake, we have also used oligomycin plus iodoacetate as an alternative strategy to cause ATP depletion under conditions where mitochondrial calcium uptake is still possible. Oligomycin blocks oxidative phosphorylation but does not affect mitochondrial calcium uptake driven by respiration. 24 Iodoacetate blocks glycolysis. 25 The effect of these agents on ATP level was measured after 15 minutes, just before the addition of calcium, in the same experiments as shown in Figure 4 . Sodium-loaded cells without oligomycin of iodoacetate contained 15.8 ± 3.7 nmol ATP/mg. Separately, oligomycin and iodoacetate allowed ATP levels to be maintained (16.88 ±3.41 nmol/mg with oligomycin alone; 15.37 ± 1.64 nmol/mg with iodoacetate alone), but together they caused ATP to be lost (1.41 ±0.47 nmol/mg with both). Measurements of . Sodium and ATP dependence of massive calcium uptake by ouabain-treated cells. Cells in experimental medium without calcium were treated as in Figure 2A , except that ouabain (1 mM) was added 30 minutes before calcium and rotenone (4 fiM) plus FCCP (2 fjM) 6 minutes before calcium. Aliquots were removed 15 seconds before calcium addition and analyzed for ATP: normal Na, normal ATP = 13.7 ± 1.9 nmol/mg; normal Na plus rotenonelFCCP = 0.52 ±0.04 nmol/mg; low Na, normal ATP = 13.8 ±2.7 nmol/mg; low Na plus rotenone/ FCCP = 1.7 ±0.5 nmol/mg. Figure 3A except that ouabain (1 mM) was added 30 minutes before calcium and oligomycin (36.4 pM) , iodoacetate (0.91 mM) and/or rotenone (4 (iM) was added 15 minutes before calcium as shown. After 15 minutes, digitonih (22 fig /ml ) was added to disrupt the sarcolemma. cell sodium with 22 Na showed that ATP depletion caused no change in the level of intracellular sodium beyond that caused by ouabain alone: In normal cells without ouabain, intracellular sodium was 16.8 ± 1.5 mM; in cells treated with ouabain for 30 minutes, intracellular sodium had risen to 93.9 ± 5.8 mM; and in cells exposed to ouabain for 30 minutes and oligomycin plus iodoacetate for 15 minutes, the value was 95.3 ± 4.2 mM (see "Materials and Methods" for details of measurement). Therefore, there was no difference in the sodium gradient under these conditions, with or without ATP depletion. In one experiment, the effect of these treatments on cellular potassium was also measured. Before ouabain addition, the cells contained 222.9 ±7.6 nmol/mg (mean ± SD of 3 measurements). Thirty minutes after ouabain this had dropped to 108.3 ± 9.1 nmol/rilg. In cells also treated with oligomycin plus iodoacetate for 15 minutes, 89.3 ± 3.4 nmol/mg remained. Figure 4 shows that cells depleted of ATP in this, way showed the same calcium uptake pattern as cells treated with rotenone plus FCCP (Figure 1 ). Subsequent addition of digitonin (21.6 /u,g/ml), which causes disruption of the sarcolemma, 13 but not of mitochondrial membranes at this level, caused an immediate and massive mitochondrial calcium uptake (Figure 4 ). Cells pretreated with rotenone in addition to oligomycin plus iodoacetate were even more ATP depleted (0.67 ± 0.17 nmol/mg) and showed a similar uptake curve on calcium addition to that of cells without rotenone. (The small difference shown in Figure 4 disappeared if cells were incubated longer before calcium addition, and ATP levels in both samples were then at the same lower level.) No massive calcium uptake was observed on addition of digitonin to ATP-depleted cells with rotenone ( Figure 4 ). Cells treated with oligomycin or iodoacetate alone showed a similar massive initial calcium uptake to that of untreated cells (Figure 4 ). Further uptake was induced by digitonin addition to an extent similar to that of cells treated with both oligomycin and iodoacetate. The lack of uptake on addition of calcium to cells treated with both inhibitors thus suggests that calcium entry was severely inhibited. The inhibition of sarcolemmal calcium influx is also clearly not caused directly by the agent used to deplete ATP levels: Rotenone plus FCCP achieve the same result as oligomycin plus iodoacetate, and the latter separately cause no inhibition. When the experiment was done in the presence of ruthenium red (1 /u,M), which inhibits calcium uptake by isolated mitochondria, similar results (before digitonin addition) were found. There was therefore no contribution to calcium uptake from the mitochondria of dead cells in this experiment. Such mitochondria have most likely been inactivated by previous exposure to calcium during cell isolation since calcium is known to inactivate mitochondria by increasing the permeability of the inner membrane to low molecular weight solutes. 26 This will also account for the calcium efflux from the cells soon after the massive uptake induced by digitonin ( Figure 4) .
Although cells treated with oligomycin or iodoacetate alone showed a similar initial rate of 45 Ca uptake to that of cells without inhibitors, their uptake clearly became inhibited after 5 minutes (Figure 4 ). This could be caused by the reduced ability of cells to maintain normal ATP levels, by the effect of the inhibitors on mitochondrial calcium uptake, or by a combination of these factors.
The conclusion that calcium entry into sodium-loaded cells depleted of ATP was inhibited was confirmed with indol and with quin2. When quin2-loaded cells were exposed to the same protocol, cells with ATP showed a large fluorescence increase on calcium addition, whereas cells depleted of ATP with oligomycin plus iodoacetate showed only the immediate fluorescence increase associated with extracellular quin2 ( Figure 5A ). When intracellular calcium concentrations 5 minutes after 1 mM Ca addition were calculated by the method of Rink et al, 17 values of 1727 ± 832 nM for cells with ATP and 9 ± 5 nM for ATP-depleted cells were found. Quin2 loading had no detectable effect on the rate of loss of cellular ATP with inhibitors (oligomycin/iodOacetate or rotenone/ FCCP); nOr was the rate of onset or extent of contracture visibly affected (data not shown).
Since quin2 has been reported to inhibit Na-Ca exchange in squid axon, 27 the rate of calcium influx was also measured with indol ( Figure 5B) . A rapid rate of calcium influx was observed for cells with ATP and a much lower (but measurable) rate of influx by ATP- . Cells were loaded with quin2 or indol, then exposed to ouabain ± oligomycin/iodoacetate as in Figure 4 except that all incubations were extended by 15 minutes to encourage more complete ATP depletion in the inhibitor-treated cells. CaCl2 (1 mM) depleted cells (note time scale change between B and A). Intracellular free calcium concentrations 30 seconds after 1 mM Ca addition were 327 ± 18 nM for cells with ATP and 53 ± 7 nM for ATP-depleted cells. After 5 minutes, the latter value had risen to 144 ± 43 nM. No fluorescence "hump" was observed on EGTA addition under these conditions (compare Figure 5B and Figure 2B ), suggesting that either the calcium could more rapidly leave the residual compartment containing the indol or else the indol itself had left the compartment. By contrast, quin2-loaded cells with ATP showed little rise in [Ca], 30 seconds after calcium addition ( Figure 5A ). The rise in [Ca], was very sigmoidal, even more so than the rise in fluorescence ( Figure 5A ), because of the relation between fluorescence and [Ca], (see "Materials and Methods"). Our observations with quin2 ( Figure 5 ) confirm the finding of Allen and Baker 27 that quin2 inhibits calcium influx by Na-Ca exchange activity. If this action of quin2 on Na-Ca exchange is through its binding of intracellular calcium, as suggested by Allen and Baker, 27 then the sigmoidal behavior may be explained by the gradual activation of Na-Ca exchange as [Ca], rises. Cells with ATP and indol showed a tendency to rupture their sarcolemma at longer times than 30 seconds after calcium addition, preventing an accurate time course determination. Cells with indol but without ATP tended to rupture at times longer than 5 minutes after calcium addition. It is possible that indol itself promotes calcium entry by whatever process is involved in promoting sarcolemmal rupture. In this case, the rate of rise of [Ca], would be an overestimate. However, the effect of ATP depletion on the initial rate of calcium entry is again clearly observed ( Figures 5B  and C) . The rate of calcium influx in quin2-loaded cells with ATP was also accelerated by using lower levels of quin2 loading. However, no significant rate of calcium entry into ATP depleted cells 5 minutes after calcium (1 mM) addition could be observed, even with quin2 levels as low as 0.34 nmol/mg (data not shown). For cells with ATP, it was found that the rate of rise of [Ca], measured by indol was approximately proportional to the concentration of calcium added back, while for ATP-depleted cells, the rate of uptake was inhibited as the concentration added back was increased ( Figure 5C ). This figure also shows that the level of [Ca], in cells before addition of calcium was in the 10-nM range.
To evaluate the role of the slow calcium channel in the uptake of calcium by sodium-loaded cells with ATP, the effect of channel blockers was investigated. With 45 Ca, there was little effect: Verapamil (10 /u,M) and nitrendipine (10 /u.M) inhibited the 45 Ca uptake 14 minutes after 1 mM Ca addition by just 21.4 ± 10.8% and 20.4 ± 13.7%, respectively. The rate of calcium influx measured with indol, as measured by the [Ca], 30 seconds after addition of 1 mM Ca, was inhibited 42.2 ± 11.6% by 10 /xM verapamil. The rate of calcium influx measured with quin2 was still further inhibited: 57.2 ± 2.8% by 10 /xM verapamil.
Finally, we sought to determine the extent to which the rate of calcium influx in ATP-depleted cells could be stimulated by further enhancement of Na-Ca exchange activity. Since intracellular sodium was already elevated, this was achieved by diluting the cells into a medium without sodium, thus creating an insideto-outside gradient. Figure 6 shows that the rate of calcium uptake was indeed stimulated not only in cells depleted of ATP but also in cells with ATP. To determine the initial rate of calcium uptake as measured by 45 Ca, it is necessary to take into consideration 45 Ca bound to dead cells and to the outsides of live cells. Time (min) FIGURE 6. Stimulation of 45 Ca uptake by dilution into a medium without sodium. Cells were exposed to ouabain and oligomycin/iodoacetate as in Figure 4 . At t -0, they were diluted into 4 volumes of medium with or without sodium, containing 1 mM 45 Ca-labelled CaC^. Some cells were also loaded with quin.2 prior to treatment with ouabain and oligomycinliodoacetate. The medium without sodium had sodium replaced with choline andpH was adjusted to 7.4 with tetramethylammonium hydroxide. The dilution buffers also contained ouabain (1 mM).
This can be done by measuring the 45 Ca uptake by sodium-loaded ATP-depleted cells that are also loaded with quin2, since such cells by fluorescence show no measurable rate of calcium uptake for at least 5 minutes ( Figure 5A ). Such a curve is also shown in Figure  6 . The difference between this curve and the others represents true cellular uptake of 45 Ca. Table 1 summarizes the rates of 45 Ca influx calculated in this way, using the best linear fit of the 30-second and 1-minute data points with the origin. It is seen that ATP depletion results in an 82.2% inhibition of 45 Ca influx for sodium-loaded cells with 140 mM Na outside, rising to a 90.9% inhibition for cells with 28 mM Na outside, i.e., the degree of inhibition increases as Na-Ca exchange is favored. Moreover, the inhibited rate of calcium uptake becomes even more inhibited: Between minutes 1 and 12, the net rate of calcium uptake for ATP-depleted cells diluted into a normal sodium medium is just 0.160 ± 0.024 nmol/min/mg, which is about 10% of the initial rate of entry into ATP-depleted cells.
Discussion
In 45 Ca uptake studies using cultured neonatal heart cells, others have also observed a rapid cellular calcium uptake, 28 an efflux of calcium from cells during ATP depletion, 8 and a decreased uptake of calcium by ATP-depleted cells. 8 However, Hasin et al 8 observed an identical rate of uptake for the first 15 seconds by control and ATP-depleted cells and concluded that the initial rate of cellular calcium influx was unaffected by ATP depletion. These cells had undergone contracture, but it is not clear what the ATP level was at this time. They did observe an inhibition of 45 Ca influx at times later than 20 seconds after calcium addition. The 45 Ca data from the present study also shows a stronger inhibition at later times, but the initial rate of calcium entry, whether measured by 45 Ca (Table 1) , quin2 (Figure 5A ), or indol ( Figure 5B ), is also strongly inhibited. The difference could perhaps arise from two factors: a less complete depletion of ATP in their experiments and unequal sodium gradients. In our experiments, the sodium gradients were the same in cells with or without ATP, and this made the inhibitory effect of ATP depletion more apparent. With aequorin, little or no increase in the level of intracellular free calcium has been found in whole tissue 10 and single cells" when contracture was induced by anoxia or metabolic inhibitors. Our results support these findings and also show that ATP is depleted by 95% at this time. It is not clear whether the small increase in [Cat hat we observed on ATP depletion could influence the contracture process. It does appear, however, that it is not necessary since the same rate of onset and extent of contracture was observed in cells loaded with quin2, where [Ca] ( was buffered around 10 nM. This is consistent with the contracture induced by metabolic inhibition being caused primarily by ATP depletion. 1329 ' 30 Murphy et al 7 reported that [Ca^ in neonatal cells rose from 48 ± 7 to 581 ± 9 1 nM within 30 minutes of exposure to uncoupler plus iodoacetate, as measured with quin2. We find a similar resting value with indol (also with quin2), though this value is considerably less than other values reported (137 nM, 16 181 nM, 31 and 150 nM). 32 In the latter two studies, the difference could in part arise from no account being taken of extracellular dye. On treatment with inhibitors, we found a rather slower rate of rise of [Ca], ( Figure 2B ) than that reported by Murphy et al. 7 The difference could in fact be much greater since quin2 itself inhibits the rate of calcium entry into ATP-depleted cells (Figures 5A and B) . This could reflect a difference between neonatal and adult cells or a difference in experimental conditions: The neonatal cells were beating spontaneously, while our cells were quiescent. Our point is, however, that [Ca]| is rising only slowly even though ATP is depleted by 8 minutes. The level of [Ca]; could perhaps rise much more quickly if the mitochondria were loaded with calcium. FCCP can release calcium from mitochondria. This could explain the instance where a rise in free calcium was detected with calcium-sensitive electrodes, 5 and also why the observation required the tissue to be aged for 10 hours. The mitochondria of fresh rat ventricle, by contrast, con-tain negligible (< 10 ng ions/gm wet wt) amounts of calcium."
It is striking that, as far as rapidly exchangeable 45 Ca pools are concerned, ATP depletion appears to cause a loss of total rapidly exchangeable calcium (Figure 1) . We envisage two possible explanations for this decrease. First, the 45 Ca could be bound to the extracellular face of the sarcolemma and held by the membrane potential. When the cell loses its ATP and depolarizes, such bound calcium would be lost. This would explain why indol saw little change. Second, the origin of this calcium could be intracellular if calcium efflux was not inhibited as rapidly as calcium influx on ATP depletion. ATP loss could cause a loss of calcium from intracellular stores, but the balance of efflux and influx could then (rather coincidentally) result in little change of intracellular free calcium.
What could cause the greater inhibition of 45 Ca uptake in ATP-depleted cells between 1 and 12 minutes, compared with the initial rate of 45 Ca entry? Several possibilities, or a combination, could account for this. Some mechanism could further block influx once it has begun. The small amount of residual ATP could be distributed heterogeneously among the cells, allowing some cells to take up some calcium while others take up none at all. A shift in Na-Ca stoichiometry of the carrier on ATP depletion could alter the driving force for calcium; however, a massive shift would be required to explain such a dramatic effect. Calcium influx could be partially balanced by the sarcolerhmal calcium pump. ATP depletion was never total, and the K m of this pump for ATP is only 30 /xM , 34 so it could be active. However, the V max (albeit in dogs) is only 0.3 nmol/min/mg total protein. 34 -35 Thus, the initial rate of calcium influx by ATP-depleted cells could not be balanced by this pump working at V max . It is in any case doubtful whether the residual ATP is available for this pump since it could be bound to high affinity regulatory sites or be in the mitochondria. 36 Under the conditions of sodium loading used here, calcium influx through Na-Ca exchange 37 is probably very significant. The well-studied Na-Ca exchange system of squid giant axon is known to be inactivated by ATP depletion. 38 Caroni and Carafoli 39 have given evidence that activation and deactivation of Na-Ca exchange activity in sarcolemmal vesicles is controlled by a calmodulin-regulated kinase and phosphatase. Such a system could well account for the inhibition of calcium uptake observed here. These authors postulated that the partial effects they observed could be caused by the mixed orientation of their preparation of sarcolemmal vesicles. Our results support that contention since the sarcolemmal orientation in cells would be completely right side out. It is possible that if the state of the exchanger is altered by phosphorylation, the dephosphorylated form is not completely inactive. This also could explain the finite inhibited rate we observe. The observation that dilution into a sodium free medium stimulates the inhibited rate ( Figure 6 ) could mean that the inhibited exchanger could have a much higher affinity for extracellular sodium than the uninhibited exchanger does. An ATP-dependent shift in the sodium binding affinity of the Na-Ca exchanger has been invoked by Mullins 40 to explain the inhibition of Na-Ca exchange in squid axon by ATP depletion. This mechanism could also perhaps explain the decrease in Na-Ca exchange activity observed in sarcolemmal vesicles from ischemic hearts. 41 Since calcium entry into cells with ATP was somewhat inhibited by verapamil and nitrendipine, some of it appears to be through the slow calcium channel. A similar inhibition of calcium influx into sodium-loaded cells by verapamil was observed by Lambert et al 32 using quin2 . The reason for the larger degree of inhibition as observed by the dyes is uncertain. The 45 Ca result probably reflects the effect on total cellular influx more accurately than the dyes, which only measure the concentration of free calcium. Thus if, for example, the calcium channel blockers were to promote mitochondrial calcium uptake, a decrease in the rate of rise of [Ca], could be observed in the absence of any effect on influx rate. The calcium channel is also reported to be inhibited by ATP depletion, 42 -43 which is consistent with the inhibition we observe.
The rate of calcium influx into heart muscle by Na-Ca exchange is known to be promoted by depolarization. 44 Depolarization of isolated adult rat heart cells by potassium chloride results in a rise in [Ca],, which is in part mediated by slow calcium channels 16 and in part by Na-Ca exchange. 45 Thus, any difference in membrane potential between the normal and ATP-depleted states could contribute to the observed difference in the rate of Na-Ca exchange. At present, we do not have a direct measure of membrane potential under these conditions. There is evidence that ATP regulates K + channels so that ATP depletion would tend to cause hyperpolarization. 43 Such a hyperpolarization, however, would require a continuing K + gradient. We can use the measured cell potassium values to estimate how much impact such a potassium channel activation could have. Using a value for intracellular water of 1.52 /Al/mg protein obtained using 14 C sucrose and 3 H 2 O water and assuming no potassium is bound, the Nernst relation gives potassium equilibrium potentials of -8 5 . 1 mV (before ouabain), -65.9 mM (30 minutes after ouabain), and -60.8 mV (30 minutes after ouabain with ATP depletion by oligomycin plus iodoacetate). In cat myocytes with ATP, depolarized to about -60 mV with potassium, the actual membrane potential was found to be only about 5 mV positive to the potassium equilibrium potential. 46 If the same is true in the rat cells under the present conditions, the ATP-deleted cells could not be hyperpolarized with respect to the cells with ATP even if their membrane potential was equal to their potassium equilibrium potential. Thus, ATP depletion is not likely to inhibit calcium influx through hyperpolarization.
This control of calcium influx by ATP could well be of relevance to reperfusion-induced injury after a period of ischemia, which is associated with a large calcium uptake 47 : If ischemic ATP-depleted cells exclude calcium but build up sodium, the resynthesis of ATP
